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OBJECTIVES:  An  experimental  study  of  the  nature  of  labile  intermediates  in 

enzyme  action  combined  with  the  theoretical  study  of  how  such 
intermediates  should  act  according  to  various  theories  of  physical 
chemistry, 

ABSTRACT  OF  RESULTS: 

a.  Results  since  start  of  project;  The  avr.ilability  of  our  elec  :.ric 

analog  computer  has  permitted  us  to  elucidate  in  detail  . . . , ■ 

the  reaction  kinetics  of  the  catalase  system,  and  to  verify  in  some 
detail  our  mechanism  for  its  action.  It  has  permitted  us  to  eluci- 
date certain  peculiarities  in  the  reaction  of  ; eroxidase  in  the 
presence  of  oxidase  systems  that  produce  hydrogen  peroxide  (coupled 
oxidations ) . 

We  have  proposed  a collision  hypothesis  for  the  mechanism  of 
action  of  insoluble  enzymes  that  are  tightly  bound  to  particles  of 
muscle  or  liver,  but  which  may  react  by  limited  movements  leading 
to  collisions  of  adjacent  enzymes.  It  has  further  been  possible  to 
sot  up  some  general  theorems  concerning  the  kinetics  of  oxidation  and 
reduction  of  the  components  of  a sequence  of  enzjTne  reactions.  The 
consequences  of  this  hypothesis  have  been  examined  by  moans  of  the 
computer  and  a practical  applicaticn  to  the  cytochrome  components  of 
the  succ'nic  oxidase  systemi  has  been  possible, 

b.  Progress  during  the  current  report  period;  Dehydrogenase  Systems. 
Studies  of  the  kinetics  of  an  intermediate  compound  of  glyceralde- 
hydo-3-ph'-  spbate  dehydrogenase  and  diphosphopyridinc  nucleotide  (DPN) 
opened  up  a now  area  of  spcctrophotomctric  investigation  of  reaction 
kinetics  in  dehydrogenase  systemis.  The  experimental  work  which  was 
carried  on  in  collaboration  ;Jith  Dr,  J,  Karting  was  published  in 
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abstract  form  and  presented  at  the  19^3  Federation  meeting.  Since 
that  time,  the  investigations  have  been  extended  to  the  study  of 
this  compound  in  respiring  yeast  cells.  Such  a compound  has  been 
detected  there  and  has  provided  a direct  assay  of  the  amount  of  DPN 
bound  to  this  glyceraldehyde  phosphate  dehydrogenase.  Results  of  this 
study  were  reported  at  the  McColluir.-Pratt  sjaiposium  on  Enzyme 
Mechanisms  and  the  full  report  is  published  in  the  volume  entitled 
Enzyme  Metabolism. 

A further  extension  of  our  studies  of  DPN  linked  dehydrogenases 
was  provided  by  the  work  that  Dr,  Joseph  E,  Hayes,  Jr.,  did  during 
his  six-months  stay  at  this  laboratory.  iVhereas  he  had  previously 
obtained  from  measurements  of  the  overall  reaction  kinetics  the 
velocity  constants  for  the  forward  reaction  with  alcohol,  his  work 
in  this  ].aboratory  with  a rapid  recording  spectrophotometer  permitted 
him  to  obtain  preliminary  values  for  the  velocity  constants  of  the 
reactions  in  the  opposite  direction  leading  to  a complete  determina- 
tion of  the  kinetics  of  this  system  which  are  represented  in  the 
following  diagram,  belov;. 
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From  these  data  the  equilibrium  constant  can  be  calculated  and  is 

of  three 

found  to  be  within  a factor/of  that  determined  directly  from  the 
equilibrium.  Such  overall  corrpai’isons  of  kinetic  and  eq\iilj.brium 
data  are  of  considerable  value  in  establishing  the  validity  of  our 
studies. 

On  the  theoretical  aspects  of  dehydrogenase  action,  we  have 
investigated  several  possible  mechanisms  for  glyceraldehyde  ph^-sphate 
dehydrogenase.  The  analysis  that  we  carried  out  was  sufficiently  in- 
cisive to  toll  us  that  there  are  serious  discrepancies  between  the 
kinetics  of  reduction  of  DPN  and  the  kinetics  of  formation  and  dis- 
appearance of  the  glyceraldehyde  phosphate  dehydrogenase -DPN  complex 
as  registered  by  our  spectrophotometer.  This  means  that  there  are 
unknoTO  reaction  steps  that  cannot  be  examined  spoctrophotometrically 
at  the  present  time.  It  is  our  conclusion  that  this  problem  should 
be  set  aside  until  a more  sensitive  spcctrophotomctric  method  could 
be  developed  whereby  a more  accurate  corrparison  of  the  time  course 
of  DPN  reduction  and  the  kinetics  of  the  complex  could  be  obtained. 
Succinic  Oxidase  System:  The  experimental  aspects  of  our  kinetic  and 


steady-state  analysis  of  the  succinic  oxidase  system  have  moved 
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forward  again  this  fall,  \-Je  have  obtained  more  accurate  and  exten- 
sive data  on  the  speed  of  reaction  of  succinate  with  the  cytochrome 
b component  of  the  ryanide-inhibitod  succinic  oxidase  system*  Fiu-- 
thermore,  we  have  been  able  to  titrate  succinate -reduced  cytoclirome 
b with  fumarate  .and  arc  able  to  give  values  for  the  ratio  of  fumarate- 
to- succinate  that  gi'^'^e  equal  ratios  of  reduced-to-oxidizod  cytochrome 
b»  When  calcul.atod  as  oxidation-reduction  potentials,  values  con- 
siderably different  from  those  now  accepted  in  the  literature  are 
obtained,  Fui*ther  work  is  being  continued  in  order  to  discover  the 
cause  of  such  discrepancies-. 

On  the  theoretical  side,  we  are  setting  up  our  oorputer  to 
represent  the  kinetics  of  reduction  of  cytochrome  by  succinate, 
taking  into  accoiuit  the  presence  of  fumarate  and  the  reversible  re- 
actions involved,  in  order  to  show  whether  cytochrome  b reacts  fast 
enough  with  succinate  to  engage  in  electron  transport  in  the  heart 
muscle  preparation. 

It  is  our  hypothesis  that  cytocl-arome  b has  lost  a portion  of 
its  physiological  function  because  of  the  preparation  method  x'ecom- 
mended  by  Keilin  and  Hartree,  which,  of  course,  leads  to  maximal 
succinic  oxidase  activity.  It  is  interesting  to  speculate  that  one 
of  the  functions  that  cytochrome  b has  lost  in  its  preparation  ip 
that  of  oxidative  phosphorylation.  Indirect  support  for  this  hypo- 
thesis is  that  in  liver  mitochoncii^la  where  oxidative  phosphorylation 
can  occur,  wo  find  the  kinetics  of  reduction  of  cytochrome  b to 
agree  much  more  closoly  with  those  of  cytochrome  c than  in  the  heart 
muscle  preparati'jn,  which,  as  mentiored  above,  has  already  lost  the 
capacity  for  oxidative  phosphorylation. 
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Oxidative  Phosphorylation.  Experimental  work  that  is  not  supported 
by  this  contract  but  which  furnishes  most  interesting  data  for  anal- 
ysis is  our  recent  discovery  of  spectroscopio  changes  that  acconpany 
the  initiation  of  oxidative  phosphorylation  in  rat  liver  mitochondria. 
An  analysis  of  the  reaction  kinetics  that  occur  upon  the  addition  of 
adenosine  diphosphate  to  these  mitochondria  will  be  most  interesting. 
It  is  our  hope  to  be  able  to  determine  on  a kinetic  basis  those 
respiratory  enzymes  which  are  involved  in  oxidative  phosphorylation 
by  measuring  the  speeds  with  which  a change  in  a steady-state  level 
occurs  upon  the  addition  of  adenosine  diphosphate. 

Rapid  kinetic  studies  of  the  speeds  of  oxidation  cf  the  reduced 
respiratory  pigments  of  various  materials.  With  the  aid  of  a new 
form  of  the  regenerative  flow  apparatus,  it  is  now  possible  to 
measure  the  speeds  of  oxidation  of  cytochrome  a^,  a,  c,  b,  flavo- 
protein,  and  reduced  pyridine  nucleotide  in  suspensions  of  yeast 
cells,  or  in  ascites  tumor  cells.  In  bacteria  that  contain  various 
other  types  of  respiratory  pigments  it  is  possible  to  study  their 
kinetics  as  well.  These  data  are  of  the  greatest  inportance  for  our 
theoretical  studies  of  the  action  of  sequential  enzyme  systems.  Our 
preliminary  results  show  that  oxidizing  equivalents  aire  carried 
rapidly  up  through  cy+.ochrome  c;  thereafter  slower  oxidations  of 
cytochrome  b,  flavoprotein,  and  reduced  pyridine  nucleotide  occur. 

Our  current  hypothesis  is  that  the  system  of  cytochrome  a^,  a,  and 
c is  a closely  knit  one  in  which  oxidizing  equivalents  can  be  rapidly 
transported  through  cytochrome  c (and  possibly  through  Slater's 
factor  as  well).  Thereafter  the  system  may  branch  off  into  several 
directions j i.e.,  toward  cytochrome  b,  toward  dic^)horase,  or  toward 
other  types  of  cytochrome  c reductases.  We  would  then  si$)pose  that 


it  is  this  branc'hing  of  the  oxidation  chain  that  causes  the  reaction 
velocity  tc  -Jimniah, 

Technical  assi.?  i' anr.e . This  contract  has  rendered  valuable  service 
to  the  work  mentioned  above  in  +or:ns  cf  ■^.erhnical  assistance  in  the 
preparation  of  enzymesj  in  the  cu]  iitro  cf  microorganisms,  etc. 
Technological  improoemnirt^.  This  laboratory'  was  fortunate  onough  to 
receive  from  the  O’JR  (Cffico  of  Naval  Research)  funds  for  the  im- 
provement of  the  existing  methods  for  the  detection  of  small  changes 
of  optical  density.  In  order  to  tost  certain  theoretical  relation- 
ships between  the  design  variables  that  we  hc?.d  formulated,  a new 
double-beam  spectrophotometer  especially  designed  for  studios  in  the 
ultraviolet  regaon  of  the  rpcctrum  is  nearly  corpleted.  In  the  course 
of  tests  of  the  sensitivity  of  this  apparatus  it  will  also  be  possible 
to  see  whether  or  not  some  enzyme  reactions  that  are  hardy  detectable 
at  present  can  be  accurately  recordeol  by  this  new  apparatus,  A 
problem  on  which  we  have  been  able  to  obtain  results  so  far  only  with 
the  greatest  cf  difficulty  is  the  detection  Lf  absorption  in  the 
neighborhood  of  2U0  m fx  which  might  be  attributed  to  the  formation 
of  thiol  esters  between  the  dehydrogenases  and  their  substrates.  It 
is  believed  that  the  preliminary  results  that  we  obtained  with 
glyccraldehyde~3''Phosphate  dehydrogenase  and  that  were  published  in 
the  Federation  Proceedings  by  Karting  and  Chance  could  be  consider- 
ably iiiproved  in  accuracy  and  extended  bo  othui*  enzyrne  systems. 

PLANS  FOR  THE  FUTUPJ:; 

Immediate;  Our  immediate  plans  for  the  future  are  to  prepare  for  publi- 
cation our  work  on  cyi.ochrome  b,  on  ascites  tijmor  cells,  and 
cn  the  kinetics  of  oxidation  of  the  reduced  respiratory 


pigments.  This  will  involve  considerable  work  with  the 
analog  aompoter  in  order  to  evaluate  critically  the  theories 
by  whi.ch  wo  have  proposed  to  cxd]  ain  the  reaction  mentioned 
previousJy . 

We  also  plan  to  broaden  the  scope  of  our  theoretical 
studies  of  enayme  systems,  and  to  follow  up  some  promising 
leads  for  anoLytical  methods  for  the  solution  of  equations 
representing  en-?ym>-'  kinetics.  See,  for  example,  C.  C.  Yang, 
"A  Reversion  Method  for  the  Solution  of  Differential  Equa- 
tions Representing  Enzyme  Kinetics,”  submitted  to  Archives 
of  Biochemistry  and  Biophysics. 

Our  most  exciting  project  for  the  next  year  will,  how- 
ever, bo  a theoretical  analysis  of  the  kinetic  data  that  we 
expect  to  obtain  on  the  kinetics  of  initiation  of  phosphory- 
lation in  rat  liver  mitochondria. 

Long  Range j Our  long  range  plans  are  to  develop  and  to  broaden  the  scope 
of  our  studies  of  the  dynamics  of  intracellular  enzyme  sys- 
tems, We  have  a unique  opportunity  to  apply  our  powerful 
. physical  methods  in  combination  with  the  unusual  facilities 

for  mathematical  analysis  of  enzyme  systems  to  the  most 
interesting  problem  of  enzyme  action  in  intact  cells. 
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